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Abstract. Significant difier encoerween Pionecrand Voyager observations were
found in solar wind structur e Hhetween 1 tor AllL T hese disagy cements were attributed
to temporal effects related to the solo ovel butnounifying study of Pionecr- Voyager
observations was performed. o11 thebisscrmaps of large scale features, we unified and
compared observations 0f solarwindeiroar interplanctary shhck waves, interaction
regions, and magnetic S€Ctors hv five-pace caft t hat ty aveledf-omBarth to Jupiter
at different phases of the sola 1sunspct oyl Pioneer10and | 1 (declining phase *
of cycle 20); voyager 1 and 2(ascendinepinse of cyvele 21); and Ulysses (just after
solar maximum 22). We found that sclar w-d dynaics has a very irregular behavior
throughout the solar cycle. There wer con mual transitiens be ween periods of a few
solar rotations dominated by slow salawin' transient events. andl it cgular patterns of
magnetic sectors; and periods of « lowsolar 1otations dominared by interaction regions
and well -defined magnetic sect 01s, ‘1 Jic<c t1.i:sitions occurted at hipherternpor a scales,
of the order of 2-4 solar rotatios IS, t hurtheexpected Slow t esnporal evolution of coronal
holes and current sheet with thesoloroyvele Jtissugecsted thatt hese variations are
associated with changes in coronalhol s anfmight berclatedto 1 he ) early variations
of solar wind speed. The diflerences bt weVaveger andPionser obser vations were
caused by these variations of solarwiricl dyvieinics The patt ernof solarwind streams
is more stable during the advanced desiand®s o phase of the solarcvele (Pioneer 11). In
the five spacecraft’s observations ther ¢ werconaverage, «bout 3 to 4 interplanetary
shocks per solar rotation period, W'cfoundasignificant populationof transient shocks

in the outer heliosphere (1-5 AlJ),infeot, bitwecn 40 to 55 percent of the total number



of shocks detected by Pioneer 10, Vovieor 1 .md 2, and Ulysses ware transient forward
shocks. However, the shock population: chaces with the solar cyvele and 90 percent of
the total number of shocks detected b Vioncer 11 were caused by interaction regions.
When slow solar wind is followed by a welldofined stream of corotating, fast solar wind,
interaction regions are present as catly v &l about 1T AU. The expausion rate of the
interaction regions between 1 to & Al s abont 94 kin/s. Voyage detected, on average,
higher flux densities than Pioncer aud Ulvse s, however, the dviramic pressures detected

by the five spacecraft were very simila.



1. Introduction

When Pioneer (10 and 11) {Swiih ar) Wolfe. 1976, Swith and Wolfe, 1977
and Voyager (1 and 2) [Gazis and [l omue 1983: Buriaga ¢t ol. 1084] traveled from
Farth to Jupiter, significant diffeyencos we s found in solar wind structure. The first
interplanetary shocks and intcraction -eior = detected by the two missions were reported
at different heliocentric distances (1 the Pasis of the aualysis on their respective
data, the two missions gave diflerent eapaiicion rates of the inreraction regions with
heliocentric distance. These disagrecrients »ave been attiibuted to temporal effects
associated with the solar cycle [Burlugu, 10005 Smith, 1085 . However, no unifying study
of the Piounecer-Voyager observations w s vir ed out.

The am of this work is tounify iuddic cuss the observations by three different
interplanetary missions from Faort lito Ty o at different phaoses of the solar sunspot
cycle: Pioncer, Voyager,and Ulysses  Dow does the solar wind dynamics between 1 to
5 AU change with the solar cycle? Table 1 chows the schedule of the three missions
organized With respect to phases of thi wols - cycle: Voyager ¢ endi inthe ascending
phase of cycle 21, Ulysses just aftcrsolar piixinunn 22, and Pioneer 10 and 1 1in the
declining phasc of cycle 20. The fivespeceaift covered the trarectory with different.
radial speeds and their journeys lastedbetwieenl623mor ths }igure 1 shows the last
three solar sunspot cycles as reportedbyvtl « NOAA Solor Genphysical DATA and the
periods of the spacecraft’s trajectorics 1,-11, i regions).

The solar cycle has aglobaleficetont Liheliosphere. Thedynamics of the solar




wind is dominated by corotatingsols win @ streams and trans.entevents. we Will

briefly review the evolution of the e netic coronal structure, heliospheric current sheet
(HCS), solar wind streams, and CAte with the solar eyale.

Coronal Structure.  The sk tereporal evolution of the coronal structure
during the solar cycle is suinmarizedin “1: Hle 2. The second columu describes the
evolution Of the corona] holes as desariliedty Hundhavsenelal.[1 98 1] onthe basis of
the synoptic maps of white licht cor o duing solar evele 20, and the third column
describes the evolution of thecurientshieo as described by Hockseina [1986] on the
basis of the Wilcox maps of solarcvele )1 wee Hocksena ef al. [1 9%3), Hoeksema [1986]
and references therein). The size and)ocar onof coronalholesand  the shape Of the
current sheet change with thesolarc.co. | hese viriations aflect the dynamics of the
solar wind. The large equat o1 ial exte s on of the polar holes endthe sinusoidal shape
of the current. sheet during the descernding phase of the evele (Table 2) are produced by
a ‘tilt’ geometry, where the solariotaionn axisandtbesolanmapnetic axis (simplified
as a dipole) form a tilt angle t hatdeo (e as the eyel capprosch es minimun (see, e.g.,
Hundhausen [1 977], Zhao and Hundtouser 1oy, and Mihalovelal. [1 990]).

Smith [1990] suggested that the pacuioinclination” or'tilt’ angle of the current
sheet can be used to describe the sinplifie evolution of the cunent sheet through
the solar cycle. This tilt angleis t he aver . e value of themaxinmunnorth and south
latitudinal extensions of the curients Il eifcneach Wilcox map. Close to solar minimum
the tilt angle is very small (<’ 10O’). imth: ascending phase the tilt angle gradually

increases, to the solar maxinuunt heanglas very large (>>707), andin the descending




phasc the tilt angle began to decrease to 1rach a minimom value at about the solar
minimum [Smith, 1990; Valdés and Oleola 1996, During Voveper observations the tilt
angle was increasing rapidly Hiom about 207 to the maximum value in the Wilcox maps
(> 70°) at the time of the Jupiter encount. 1. During Ulysses observations the tilt angle
was decreasing rapidly from the maximom value (~ 707) to about 407 at the time of
the Jupiter encounter (see, e.g., Figure 1 v Valdés and Otuola, 1996]). During Pioneer
obscrvations there arc no Wilcox 1map ave ‘lable, but presmnably the tilt angle was
decreasing from about 60° - 50° to o ¢ val) iagle less than 207,

HCS and Magnetic Sectors. '} he »volution of the HCS is associated with the
evolution of the current sheet descyibied v ible 2. As the most sipnificant changes of
the current sheet occur at mid aud higi lat ~ades, at low latitudes (close to the ecliptic
plane) there is not a well-defined evolution of the magnetic seetor structure with the
solar cycle. Comparing in-situ measurcinents for an extended pesiod of time by ISEE 3
at 1 AU and Pioneer 11 at about 10 AU Sirivh et ol [1986] veported that the magnetic
sector structure is very stable and noither to evolution of the solar wind nor the
occurrence of transient events produces miajor disruptions of the sector structure. So,
we do not expect to find any significant hcliomrntiic or solar eyvele effect on the magnetic
sector structure detected by the five spa corati,

Solar Wind Streams. Bascd o0 stules of the in-situ measurements during
solar cycle 20 [Goslﬁ'ng et al., 1976; Feldowrn 1 al., 1978, Feldman el ol., 1979], Crooker
[1983] summarized the changes of the averag: d values of inecliptic solar wind speed

Vew and proton temperature 7, in thoee phase-: (1) in soler maximum Vi, and T, had



medium values, (2) in the declining ptace V., and 7, had maximum values, and (3) in
solar minimum V,,, and 7;) had minimven velaes.

However, the changes in the patt-rn ol solar wind streams secns o be more
complex and recently it has been reported they have Jong, termn varistions with periods
of about one year [Richardson et ol 19, Gazis el al., 1990; Gazs, 1996]. This
phenomenon is not related to dvnamic procees such as the “filtering” or “damping” of
the solar wind’s ‘fine-scale’ structure (<i1net ives with durations of the order of a solar
rotation or less), which are caused by the evilution and collision of interaction regions
and transient events in the outer heliosphiere that gradually diminish the speed of the
fast solar wind and raise the speed of “he slow solar wird (see, .., the 1eviews by
Burlaga [1984] and Whang [1990" aud 1¢ erences therein). Gazis 994 reported that the
long-term enhancements of solar wind sprod prevail to very far hiehocentric distances
(up to 52 AU) and their periodicity che nied fu 1986, In solar cycle 21, between 1974
and 1985, these enhancements had a poriod of about 1 vear, bu it solar cycle 22,
between 1987 and 1994, the period wus atoul 1.3 vears.

Solar Activity: CMEs. A« trasic 1, forward, interplanctary shocks are
associated with coronal mass cjections 1CME=) in the inner heliosphere [Schewenn,
1983; Sheeley el al., 1983; Sheelcy ¢t ol 1985 it is believed that most of the transient
forward shocks are driven by fast, wide, CMU s (see, c.g., Gosling [1993] and references
therein). During the descending, phase aid sclar mwinimun: CMEs are confined to low
solar latitudes around the magnetic cquaion, I owever, duting the rolar maximum CMEs

are observed in a wider range of kititudcs i a 1nore unifonin distribution [Hundhausen et




al., 1984; Howard et al., 1985; Hondhicusern 1993]. During solav minimum the CMEs are
smaller, slower, less massive, and less enery etic [Howard el of | 1986]. The occurrence
frequency of CMEs tends to follow thic sla sunspot cycle in both amplitude and phase:
from about 0.2 CMEs per day (-~ h.4 COME: per solar rotation period (~ 27 days)) close
to the solar minimum, to about 2 CMIs per day (~ 57 CMEs per solar 1otation period)
close to the solar maximum [Webd aie 1iovard, 1991]

1.2. Limitations of this Study. brom this review, we can expecet differences
between the observations by the three 1ise sms. However, as we will show it, the
evolution of the solar wind dynamics i+ ver wrregular.” On the other hand, the three
sunspot cycles were not equivalent to cah other. In Fipure 1 the three solar cycles
had different shapes and durations: cvile 20 had fewer cunspots at its maximum and
lasted about 12 years, cycles 21 and 22 hd <hinilar shapes lasting about 9 and 10 years
respectively. The relatively short interval of cich trajectory with yespect to the 11-year
solar sunspot cycle period could nnplyv (1t the solar wind observations by the five
spacecraft do not represent necessarily thesn respective solar eyvele phases. Furthermore,
perhaps the most important 1estriction 1o ou: study is the “annual” variations in solar
wind streams. Some of the diffaences found 1 solar wind dynamics are more likely
related to thesc yearly variations than to the sHlar sunspot cycle.

The outline of the paper is as follovs: iu section 2 we deseribe how we identify the
different elements of solar wind dynanics: interplanetary shocks, interaction regions,
magnetic sectors, and interplanctary cowiterparts of coronal mass ¢jections (ICMEs). In

section 3 we describe the maps of large soale features of the five spacecraft. In section 4



we discuss the observations and | Lol « sousl relationwith the solereyele,and section 5

presents our conclusions.

2. Identification of Large-Scale Veatures

Our study is based on maps of Liv e ooale features in the solar wind. These
maps consist of successive rows of 27 cavs (noproximately the solar rotation period as
observed by the spacecraft), where polarity of the interplanctary magnetic field (IMF),
forward and reverse shock waves, interaction regions, and ICNMYs are characterized by
different symbols. A comprehensive 1 o of Ulysses large-scale observations has been
reported elsewhere [Gonzdlez-Fosparza f 41 996]. “To produce situilar maps of Pioneer
and Voyager observations we obtained pasni and magnetic fiell data (in one hour
averages) from the NSSDC. The waps wiere cencrated scannine 27-day plots of: IMF
magnitude [B|, IMF longitudinal angle & solar wind speed Vi, pnoton density N, and
proton temperature 7, (Voyager 7, dat - were not available at NSSDC). The criteria to
identify the large-scale features are de-cribed bellow.

Using the plots of ¢ we identificd the polirity of the IME. To consider an abrupt
rotation of ¢ (A¢ =~ 180°) as a 1]CS crossing . the new polarity was 1equired to last at
least one day and not be related to o tronsicr 1 event. We verified our polarity maps by
comparing them with previous reports of Pionieer 10 and 11 observations by Smith and
Wolfe [1976] and Smith and Wolfc (1977 nd Voyager 1 aud 2 observations by Burlaga
et al. [1984].

Interaction regions were identificd L. cinneiltancously examining 27-day plots of |13
) : y £ ) ?
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Vew, Ny, and T}, (when available). An ntoraction 1egion is chatacterized by well-known
signatures of a fast solar wind streqn ove taking a slow soln wind streamn, and between
these two streams there is a well-defined ¢ apression region which contains a distinctive
stream interface dividing the two comyues d fluids [Gosling ¢f of., 1978]. Interaction
regions can be recurrent structures culled corotating interaction regions (CIRs) [Smith
and Wolfe, 1977]. The absence of /1, duta i Voyager obsorvations was compensated by
the information provided in Figures 11 sne 12 by Burloge et al [1984),

The list of interplanctary shock vives detected by Pionesr 10 and 11 was obtained
from Swith [personal communication] .4 vioual identification. using the 27-day plots of
|B] and plasma parameters. The list of «heok waves detected by Voyager 1 and 2 was
obtained from ¥igures 11 and 12 by HBuslago et ol 11981], & shock list of Voyager 1 by
P. R, Gazis [private communication!, a i vi-nal identification in the 27-day plots

) in in-situ solar wind

4

Unfortunately, the identification o' ICMP's (¢jecta sipgnatures
observations is still, as called by J. 1" 5o o [19031) “something, of an art”. We have
not yet found a signature unequivocally assoriated with 1CMEs, Limited by the data
available, we attempted to identify JCN s i Pionecr 10 and 11 observations looking
for anomalous low 7, and/or magpetic cloud signatures after the passape of transient
forward shocks. In the case of Voyager observations, due to the absence of 7, data in
the NSSDC files at the time of the stucy, we nsed the magnetic clonds identified by
Burlagacet al. 1984]. As a result, we obtaned a poor characterization of the occurrence

of ICMEs.

2.1. Cla sification of Interparnictary Shocks  Depending ontheir causes
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mterplanctary shock waves are clase ficd - two tvpes: corotating shocks (caused by
interaction regions) and transient shocks Jottributed nominally to JOMEs). Corotating
shocks are found leading (forward shio k) aud/or trailing (1everse shock) interaction
regions. Forward transient shocks w o aseriated with post-shock ¢jecta signatures. The
global geometry and spatial extent o! trav-ient and corotating shocks is diflerent. As
interplanetary shock waves arc the stocrpes periurbations proparating through the
heliosphere, and corotating and tyansioya < cks have different characteristics, the shock
population is an important parameter 1o doocribe the large-scale characteristics of the

heliosphere.

3. Maps of Large-Scale Struciures

Figure 2 shows solar wind bulk =preet V., apanst heliocentric distance as observed
by the five spacecraft from Farth to Joyiter. The five spaceciaft detected different
patterns of solar wind streams. Vovape: 1 ail 2 {top of Figure 2) observed a variable
slow wind (Vg,, < 450km/s) with iricealar ;o aks ascociated with tyansient fast wind
causing transient interaction regions. Ii. the middle panel, Ulvsses obscrvations from
1 to 2.9 AU were characterized by transient ¢vents, in particular the large peak in
March 1991 at about 2.4 AU, and fiom 2 9t 5.4 AU the solsy wind was dominated
by quasi-stationary fast wind strcams producog CIRs. At the bottom of the Figure 2,
although launched within one year of one ancther, Pioneer 10 and 1) observations are
quite different with respect to each other. Pioeer 11 detected the simplest pattern of

solar wind streams with enormous, quasi-stationary fast wind streams (V,,, > 650 km/s)



producing an impressive series 0( ("11. P'ic:cer 10 detected sevoraltemporal variations:
from about 2to 3 AU the fast wincdiap: » ared (August1972events), and from 3 to
4.8 AU the solar wind streams were i-nvolveo o a long-ter i chauge with both limits  of
fast and slow wind gradually 1 aising o @ uxiioum a sbout 3,63.7 AU and both then
decreasing again. This long teim chian g conld e associat ed wit I the yearly variations
referred earlier,in particular , with 1 nestandbreport ed by Gaziset a. [1995].
Note in the five plots of Figurc 2. aclowrt-ndency of the slow solar wind to increase in
magnitude with heliocentric distance, cvideoe of the aceeleration of the slow solar wind
by the following fast wind.

Thenext subsections discusst heverips of Jarge scale obser vations,

3.1. Voyager 1. Figut & shows thrmapoflarge-scalefeatwies of Voyager 1.
The behavior of the magnetic seat orswas , regular with some periods With undefined
polarity. At the beginning of the {yae to-v, between  7andl. 76 AU, Voyager 1
detected four interaction regions,afciwards achange ndynamicspr educed @ Series
of transient shocks. After the ¢utpini)asma data there weresihnilar changes in
dynamics from periods dominated by ransi v ut for ward shocks t o periods dominated by
interaction regions. Comparing bot torn ane 1op of thefipure, there was a clear tendency
of interaction regions to incrcaset hicidure - lon with heliocentric distance. Presumably
there are many more ICME events in thewo observations. In fact, those periods with
undefined magunetic polarity (i.c., ¢ civld 1ot be unequivocally associated with either
positive or negative Parker’s spiral divection’, might be associated with the numerous

ejecta expected at this phase of the solar evile, however, we were not able to identify
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these ejecta to corroborate this poss ity

3.2. Voyager 2. Figure 4 shows the map of large scale features of Voyager 2.
Similar to the previous figure. the i goesi sector structure was complex and unstable.
As we would expect, observations by Vovirer 2 and Vayager 1 (Fipure 3) are similar
to each other, however, therc ave sigr ficent difleences: 1any transient forward shocks
were detected by only one Vovaper. nd, 1 somie cases, the dutation of the same
interaction region and polarity secton varies in the two spaceciaft (sce Burlaga et al.
[1984] for more details on these observation ). From 2.7 to 3.7 AU Vovager 2 observed
an extended period dominated by transiont ‘orward shocks without interaction regions.
In this period fast solar wind strcans v absent (Figwre 23, Interaction regions
appeared again after 3.7 AU. Simiilar 2o the previous fipure the occurience rate of
ICMEs is too low to what we would expect.

3.3. Ulysses.  Figure 5 shows theuay of larpe-scale featw es of Ulysses in-ecliptic
observations. These observations can be broa:ly divided mto two intervals: (1) from 1 to
2.9 AU, dominated by transient foyward sho s, and (2) from 2.9 10 5.4 AU, dominated
by interaction regions (see Gonzdlez-I'spuvie vt ol (1996 for a detailed discussion).
The first interval is characterized iu Vigure ¢ by the abseuce of fast wind and then a
large peak (V, > 900 km/s) associated with the series of transient shocks and ICMEs
called ‘March 1991’ events [Phillips ¢t o, 1942 (from day 91:06:1 <0 91:091 in Figure 5).
During the first interval the sector structure vwas camplex with a'teinating four and
six magnetic sectors per solar rotation. In the second interval the sector structure was

simpler dominated by two magnetic sectors
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3.4. Pionecer 10. Figure 6.shows thie map of lage scale features of Pioneer 10.
The sector structure was complex an'l unstable with alternating two, six, and four
magnetic sectors per solar rotation. A: the Lottom of Figure 6, from 1.2 to 2.6 AU, the
dynamics was dominated by three nteraction regions (one caused by fast wind with
positive IMF and two caused by fast wind wih negative INY ). Fron about 2.6 to 3.4 AU
there was a change in solar wind streanes (Frgure 2) and the nversction regions caused
by fast wind with negative IMI" dissppemic: Afterwards, the thres juteraction regions
appeared again. Note the numcrous transic o forward shocks detected by Ploneer 10 in
some solar rotations.

3.5. Pioncer 11. Figuie 7 shows th map of large-scale features of Pioneer 11.
The first nine solar rotations (from di v 78096 to day 73:339) coincide in time with
the last nine solar rotations of the sy ol Ploncer 10 (Fipure 6), however, the
comparison between the two maps is camnplicated by the heliorentric and angular
distances separating the two spaceaati, In this map, the magnetic sectors are simple
and well-defined. CIRs, produced by fact winds with positive and negative IME, were
continuously detected from 1 AU to the Juinter fivby. This regularity and simplicity of
the large-scale dynamics is not surprisioy v Figure 2. where corotating high-speed

wind overtakes slow wind every solar 1otati o,

4. Discussion

4.1. Shock Population.  13:s¢ontheanalysisof the maps Of large-scale

structures Table 3 summarizes thetyjeof shock waves{corotatingeand transient
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spacecraft. The daily averages of V., w1¢ i vided into four 1anees denoted by different
colors: very slow wind (Vi < 350 ko /o) clow wind (350 kin/s >V, < 450 kin/s), fast
wind (450 kim/s > Vi, < 600 kin/s), and very fast wind (V. > 600 kin/s). Figure 8
shows several solar rotations absent ¢ a1 wind in Vovager, Ulysses, and Pioneer 10
observations (predominant dark grayv - g rows in the maps). I general, these
slow wind periods correspond to period. d cainated by trausient evenls and cornplex
magnetic sector structures in then correponding waps of Jarge-scale features. However;
when there is a well-defined pattern of quaci-stationary fast wind behind slow wind in a
speed map (light gray-white vertical coluins surrounded by davker regions in Figure 8),
then, in general, there is a period dominetea by interaction regions at, the same location
in the corresponding map of larpe-scale feat 1es.

Figure 8 shows that there are continual variations in the pattern of solar wind
streams at all the phases of the solay ¢y ol "T'hese ternporal variations should be related
to changes of the solar wind sources, supeesting that there sre continual variations in the
structure of coronal holes at temporal s ales ol the order of one or o few solar rotations.
Further study of these variations in solir «tro s and coronal holes could corroborate
this possibility.

Figure 9 shows the histograms of ol wind bulk speed V. tar the five spacecraft
from Ilarth to Jupiter. The specd distr bations present a similar evolution with the
solar cycle as previously reported. Goslny ¢ al. [1976] studicd sunval distributions
of V,,, observed at 1 AU from 1962 to 1974 (vele 20), and they found that close to

solar maxinmum the mean value of the specd distribution had a mminun value which




tended to increase reaching o maxit i volue during the descending phase of the cycle.

In this study, Voyager 1 has the love ot 1ean value of the Vi, distributions, whercas
Pioncer 11 has the highest mican vi v anl the lsger standard deviation. This result
can be explained by the tilt geometry durimg the descending phase of the cycle, that
causes fast solar wind streamns ycach hiohe values and longer duration.

Table 4 shows different solay w il p o ameters as observed by the five spacecraft.
The second column shows the meat bull specds values and their standard deviation
discussed in Figure 9. The thitd o unn chows rean values of proton flux density
normalized to 1 AU (% iy Ve N0 ) an then standind deviation. Voyager detected,
on average, slower but denser solir wioie tian Ploneer causing that the Voyager's
mean flux densities were higher 1 bone o flux densiy detected by Ulysses was also
higher than Pioneer measurcments. ‘1 hisiosult is sormehow oppesite to the report by
Richardson et al.  [1995] where they found that both flux density and dynamic pressure
have aminimum close to the solar viavin v, In this case, the flux density was higher
in the ascending and post-maxinmun phacs than in the descondmg, phase. The next
column of Table 4 shows mean values of 17+ proton dynamic pressure normalized to 1 AU
(71‘ > i Vsir,-Np,.R?ii). In this case the niehor speeds detected by Pioneer compensate
their lower values of flux densitics and ’rinecr and Voyager dynainic pressures were
very similar. Ulysses detected the highes 1oean value of dynaonie pressure and this

result is similar to Figure b in Rickavfeon of al. [1995] where there are peaks in dynamic

pressure after solar maxima. Howover, we chould keep in mid that solar wind properties
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just temporal variations.

The last two columus O "Table | der, e two Harameters of colar wind dynamics:
the rate of interplanetary shocks aucheateofi iteraction 1egions per solar rotation
averaged on the whole trajectory. Voveoe f) Ulyvsses, sud Ploneer 10 observations were
similar: they detected on averape about e interaction repion and 3 4 interplanetary
shocks per solar rotation. However, Pioner 17 and Voveeer 2 wre very different. The
probability of finding interaction yepin 1 Plonecr 11 data s three times higher than
in Voyager 2 data.-The character of their “hock population is contrasting: most of the
shocks detected by Voyager 2 were tr usics ) whereas miost of the shocks detected by
Pioneer 11 were corotating (last colun n of Jable 3).

4.3. Magnetic Sectors. In al ~he aaps of laryse scale features the behavior
of the magnetic sector structure was vn-ta™ o and their patiern and extension varied
continuously. As pointed out in the niredu tion, these chianges are 1ot associated with
heliocentric evolution but are ternpora . Thee changes are related to the variations of
solar wind speeds (Figure 8) and supports 1he suggestion that they sre associated with
variations of the coronal holes.

AS pointed out by previous stud:ec <he is not a well- defined evolution of the
.in—ecliptic magnetic sector structwe thoapt “he solar cyvele. Tn fact. on average, the
most complex sector structure (defined be the most fragmented sector structure per
solar rotation) was observed by Pioncer 10, a-d the siinplest, on average, was observed
by Pionecr 11. A general tendency deteted onthe five spaceerafit was that when the

large-scale dynamics was dominated by interaction regions the magnetic sector structure
A ¢
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was siinple and well-defined. But wi e the interaction 1epions were absent the magnetic
sector structure, in general, was conip ex - nd unstable,

4.4. Interaction Regions. Oy ol the difierences betweer: Pioneer and Voyager
results was the estimation of the toyipori ! expansion 1ate of “he interaction regions,
L.e., the relatively speed between he forwerd and the reverse corotating shocks. Smath
and Wolfe [1977] calculated that 1icroction regions widen @t 4 1ate about 100 kmn/s,
and Burlaga ¢t al. [1984] calculatcd anour 180 10 270 km/s. Figre 10 shows the
radial extent or wideness W, (norn dizec to AU) of &ll the CIRs observed by the
five spacecraft against heliocentiic diotane: To estimate the W, of cach interaction
region we calculated the average solss ~pe ! thrcuchont the irterac 1on region and
we multiplied it by the temporal duetion o f the interaction repion i1 the data series

(VVC,-,.J. = Ve, - Oter;). We applicd & near fit to the W, points in Figure 10 and
we obtained a wideness rate of about 12 AU per AU When we appiied the same
linear fit to the W, points of cachi &) «rc10fl separately, we obtained similar slopes
values of about 0.2 AU per AU. Althcu b we do not expect o lincar formation and
evolution of CIRs, this result gives a good @ sproximation to characterize the evolution
of interaction regions between 1 to 6 ALl Firure 11 shows the stogram of the average
speeds of all the interaction regions v ey 100 ClRs propagate with a broad range
of speeds (325 km/s < Vm\j < 675 huc/e ), D owever, the distribution has a bell shape

and the mean value is 470 ki /s. We cannse these 1esults to estilmate the approximated

temporal expansion rate of CIRs, that shonle he: the spatiel enlargenment of a CIR after
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traveling 1 AU divided by the time that tikes to the CIR to cross 1 AU

0.2 > 1 AL
j /1{_37 / ‘1’[”“ Lo s 1

Ol ko s
This result is very close to the value ¢ ver by Sinith end Wolfe [1977] on the basis of
a very different method (they applic.: the liankine Hueoniot solntions to calculate the
propagation speed of the forward and the roverse corotating shocks),

Figures 10 and 11 show o signifi it - versity in the widcness of CIRs at about
the same heliocentric distance, and in the ot speed propagatior. These variations are

related to the particular characteristios of =t e solar wind streans causing the interaction

regions.

H. Conclusions

We have studied the obscrvation- of five diflerent spacecraft fiom 1 to 5 AU in
order to understand how the solar wind ¢ amics changes with the solar cycle. We
found an irregular evolution chmacterized by continual variations ju the pattern of
solar wind sticams and magnetic setors it temporal seales of the order of 2-4 solar
rotation periods. These variations cav-c i a tornating intervals dominated by slow wind,
transient events, and irregular magnctic sec!ors; and intervals dominated by interaction
regions and well-defined magnetic sectore e diffoences between Ploueer and Voyager
observations were caused by these transitio: s, The absence of miteraction regions in
the ecarly part of Voyager [Gazis and S azaro-, 1983] and Ulysses |Gonzdlez-Esparza et

al., 1996] trajectories was related to poriod- dominated by slow solar wind. If there
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is a well-defined pattern of corotating f.st solar wind, interaction 1egions are present
as close as about 1 AU. The distribut ons . solar wind speed secm 1o evolve with the
solar cycle as previously reported at 1 AU [Vosling ¢f al . 1976], this suggest that during
the advanced part of the descending phase the dynamics is more stable, dominated by
interaction regions as was detected by Piorear 110 Only at that phase of the cycle, we
can say that most, if not all, interplar ~tary hocks in the outer heliosphere (1 to 6 AU)

are caused by interaction regions.
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Figurc 1. Solar sunspot numbers fon 1964 1o 1095 as 1eported by NOAA Solar
Geophysical DATA. The periods of Pionc 10 and 11, Vovaser 1 and 2, and Ulysses
trajectories from the Farth to Jupiter ar: denoted by dotted lines in the figure. The
three missions covered the samc heliocentric range at different phases of the solar sunspot

cycle.

Figure 2. One hour average of solar wind <oeed as detected by the five spacecraft from
Farth to Jupiter against the heliocentsi: ¢ stance The five spaceciaft detected different
patterns of solar wind streams, and there oo significant temporal changes in the streams
detected by each spacecraft. Pioncer, Vovaeer and Uly'r.r;c:; data were obtained from the

NSSDC.

Figurc 3. Map of large-scale features of Vovager 1. Fvery 2%-dav 1ow corresponds to an

approximate solar rotation obscrved by the

spacecraft. The chitonological order is from
the bottom to top. Denoted by chara tiodis iz synibols are shown: forward shocks (left
arrows), reverse shocks (right arrows), CIR. ‘dark), CMPs (wavy) and the background
magnetic scctors (white=:positive, gray: necative; Jipht gray: undefined). To produce
this map we used information previously reported by Builaga ot ol [1984]. Sec text for

discussion.

Figure 4. Map of large-scale featuies f Vovager 2. This figure has the same format of
the previous figure. The time period covcred Ly this map coincides with the time period
of the previous figure. To produce this -u.p we used infor mation previously reported by

Burlaga et al. [1984]. See text for discu-sion
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Figure 5. Map of large-scale featur s of Uilysses in-celiptic observations. This map was

previously reported by GonzalesFsy nca +! al [1996]. Sce toxt for discussion.

Figure 6. Map of large-scale feature: of Pioneer 10 with the sarne format of the previous
I g

figures. Sce text for discussion.

IPigure 7. Map of large-scalc femu e o Pioncer 11 withthesamme format as of the
previous figures. The first nine solaryotatio <overdajn tivne the lastnine solar rotations
of the previous figure. Howeverthie ¢ iperation of the two mneps is diflicult due to the

heliocentric and angular distance hetveonbie two spacocraft,

Figure 8. Maps of daily aversges of colut wind speed of the five spacecraft. Every row
corresponds to 27 days and the order ccos hom the bottom to 1op ‘similar format than
Figures 3-7). Fach map covers exactly the wame time period than their corresponding
map of large-scale features. The dailv wverages of wolar wind speed were divided
into four ranges: (1) very slow wind (V. < 3320 km/s) (dak gray), (2) slow wind
(350 < Vi < 450 km/s) (gray), (3) faon wir ! (450 < V,,, < 600 kin/s) (light gray), and
(4) very fast wind (600 < V,,, kui/s) (white: Data gaps ave denoted by black. These
maps illuminate the role and variability of the solar wind streams in the solar wind
dynamics (see text for discussion). Prioncer Voyager and Ulvsees data were obtained

from the NSSDC.



29

Figurce 9. Histograms of solar wind specid (1-hour averapes) as detected by the five
spacecraft from 1to 5 AU. The shape and evlution of these distybutsons are in agrecient
with previous reports of solar wind di-tribu ions at different phases of the solar cycle by

Gosling et al. [1976]. Pioneer, Vovager and | lysson data were obained from the NSSDC.

Figure 10. Radial extent or Widene s W (normaslized to AU of all the interaction
regions detected by the five spacecrafl weaivit heliocentiic distauce. The W, of each
CIR was calculated by multiplvinge th ave age solar wind speed throughout the CIR
VC‘-,‘J. by its temporal duration Af, in tie dars series. Based o the linear fit of the W,
points, from 1 to 5 AU, interaction reions « xpand by an approximated rate of about

0.2 AU per AU.

Figure 11. Frequency histograrnof () caverage speea Vo, of allthe CIRs plotted
in Figure | 0. Interaction regions p1 op o e withea broad 1 anse of V., between 325 -

675 km/s,
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Table 1. Solarsunspot cycle plisise acser dule of the thicenidssions.

Solar Cycle Launch Jupiter Duration
Phase ) by (in months)
Voyager 2 ascending (21| 2 Aug 1977 Jul 1979 23
Voyager 1 ascending (21) b Sep 1977 Mar 1079 18
Ulysses post- maximuin (V) £ Oyt 1080 Feh 1902 16
Pioneer 10 descending (20) 2 \lar 1972 Des 1975 21

Pioneer 11 descending (20) S Spr 19'(f Novj 974 20



Table 2. Involution of the coronalmzenciic starctn: through the selar eyel:

solar Cycle Corons! Halo s Curee nt Sheet
Ascending polar holes shrank and disoppar. botiey o odve  the Vattudie d extent of the curent sheet increases to higher latitudes,
phase in a very different way disappeaing & didont ditupiing tie sinple o mtons! configuration of the previous minimum
times
Maximum no polar holes, but smallholesgriil vey complastiatne thanmncnent Shed extents almost from
pole o polearnd 11 i d atitudes siallisolated current sheets appear
Descending after the reversal in polanty polunol et c b thostructus. s sitapland the curreat sheet has a sinusoidal shape
phase and grow insize With laige cquicovoni exier wde d oover s Jargrangs of latitudes
extensions
Minitmum polar holes have maximuvm extensios and U0 v the Current shect is very stable dving over the solar equator

are no equatorial holes

* Based on the desctiption by Hundhausen et al [198]!
1 Based on the description by Hoeksema [1956)



Table 3. Evolution of the coronal u apneti <t e through the sobar evele

Solar Cycle Coronal Hhobe v Curcint Sheet
Ascending, polar holes shrank anddisappoatuticdve  thiatudidestentof i current sheet increases to higher latitudes,
phase in a very different waydisapywain o d-f e disupling thesiropleegntonat configuration of the previous minimum
times
Maximum 110 polar holes, but smallholevatn Lt very complex stiucture thandncurent sheet extents almost from
prole to poleand atned Lot it edes s naisolated current. sheets appear
Descending after the reversal N polirity  po e or 1o crth thstiae taee as simp wranc tecanent sheet has a sinusoidal shape
phase and grow in size with lurgecauato. i ex tended over o large ran g otlatitudes
extensions
Minimom polar holes have maxinumo e xtenacsind e th (Cuner ashe et isvenystb Llying over the solar equator

areno equatorial holes

* Based on the description by Hundhausen ei el | 1951 ]
1 Based on the description by Hoeksema [1984],
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Table 3. Types of interplanctary shioel woives observed by the five spacecrafl based on

the analysis of the maps of large-scalifacies,

no. of Solar Corotating  Corotating  ‘Iransient lransient  Percentage of

Rotations® Jonwarc Fleverse Jorwerd Reverse  Trans.-Shocks?
Voyager 1 19* 1i 1) D) 0 40%
Voyager 2 19 1 10 26 3 55%
Ulysses 18 sl 1(i 3l 3 49%
Pioneer 10 22 25 23 2] ? 49%
Pioneer 11 22 4% 38 9 ! 11%

*for cach map of large-scale features (fi res 3,4,5,6 and 7).
**data gap for four solarrotations
Hfour interaction regions weie peceaed ny two forward shocks

tover the total number of shock waves
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Table 4. Averaged parameters of =01 0 wind dynamics as observed by the five spacecraft

(proton density data have been norin clice to 1 AU using an 17 dependence).

<Bulk Speed>* <1 lux D¢ sity>* Dynawmic Vres Rate of!  Rate of!

[kms 1 [0S 57 sure'h 1) Shocks  CIRs
Voyager ] 414 + 70 T G brhr2oa 3.3 1.2
Voyager 2 426 4 67 R | R I B 2.8 0.8
Ul ysses 4514 81 208 2. G430 3.9 1.0
Pionecr 10 431481 BTN B! 1.8 1.0 3,2 1.0
Pionecer 11 476 4 96 A G 20421 4.1 2.3

*average on the whole trajectony

Tper solar rotation (27 days).
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